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Electron Spin Resonance of the ferromagnetic
Kondo lattice CeRuPO
T Fo¨rster, J Sichelschmidt, C Krellner, C Geibel, and F
Steglich
Max Planck Institute for Chemical Physics of Solids, D-01187 Dresden, Germany
Abstract. The spin dynamics of the ferromagnetic Kondo lattice CeRuPO is
investigated by Electron Spin Resonance (ESR) at microwave frequencies of 1, 9.4,
and 34 GHz. The measured resonance can be ascribed to a rarely observed bulk Ce3+
resonance in a metallic Ce compound and can be followed below the ferromagnetic
transition temperature TC = 14 K. At T > TC the interplay between the RKKY-
exchange interaction and the crystal electric field anisotropy determines the ESR
parameters. Near TC the spin relaxation rate is influenced by the critical fluctuations
of the order parameter.
PACS numbers: 71.27.+a, 75.20.Hr, 76.30.-v
1. Introduction
Until the discovery of an Electron Spin Resonance (ESR) signal below the Kondo
temperature TK in YbRh2Si2 [1] it was believed and experimentally well manifested
that there should be no ESR signal in heavy fermion systems. This was justified by
the strong electronic correlations which originate from the hybridization of the 4f/5f -
electrons and the conduction electrons [2]. Since 2003 only two other Kondo lattices
have been found which show an ESR Signal with local properties of their Kondo-ions
namely YbIr2Si2 (I-type) [3] and CeRuPO [4].
In CeRuPO a pronounced decrease of the electrical resistivity at temperatures
below 50 K indicates the onset of coherent Kondo scattering. Ferromagnetic (FM) order
appears at TC = 14 K and therefore the system is a rare case of a FM Kondo lattice. In
contrast to the Yb-compounds mentioned above, the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction is stronger than the Kondo interaction characterized by a Kondo
temperature TK ≈ 10 K [5]. It was a remarkable observation that in contrast to its
antiferromagnetic homologue CeOsPO the ferromagnetic CeRuPO shows a well-defined
signal in the regime of coherent Kondo scattering [4]. This fact suggests that FM
correlations are important for the observability of a Kondo-ion ESR, which was later on
supported by several theoretical investigations [2, 6, 7, 8].
This paper reports detailed ESR investigations of CeRuPO in order to document the
properties of the rarely observed Ce3+ spin resonance (we are aware of only two others,
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namely CeP [9] and CeB6 [10]), and to show the effect of ferromagnetic correlations and
magnetic order on the Kondo ion spin resonance.
The system reveals a unique magnetic anisotropy: Although CeRuPO is a collinear
ferromagnet with the magnetic moments aligned along the c-axis, the saturation
magnetization along this axis is smaller than in the basal plane. This behaviour
originates from different anisotropies of the crystal electric field (CEF) and the RKKY
exchange interaction with respect to the components of the magnetic moment. The
first one results in a ground state CEF doublet with a larger saturation moment in the
basal plane. The latter favours an alignment of the moments along the c-axis and is
responsible for the FM transition [11].
2. Experimental Details
The ESR experiments were carried out using a standard continuous wave spectrometer
together with a He-flow cryostat that allows us to vary the temperature from 4 to
300 K. In order to investigate the magnetic field dependence we used three frequencies
ν = 1, 9.4, and 34 GHz (L-, X-, Q-band); for a g-factor of 2 this corresponds to resonance
fields of 36, 340, and 1200 mT. For the lowest frequency we used a split-ring resonator,
which has a lower Q factor than the resonant cavities utilized at higher frequencies.
ESR probes the absorbed power P of a transversal magnetic microwave field as a
function of a static and external magnetic field µ0H . To improve the signal-to-noise
ratio, we used a lock-in technique by modulating the static field, which yields the
derivative of the resonance signal dP/dH . The measured ESR spectra were fitted with a
metallic Lorentzian function including the influence of the counter-rotating component
of the linearly polarized microwave field [12]. From the fit we obtained the resonance
field Hres (which determines the ESR g-factor g = hν/µBHres), the ESR intensity IESR,
and the linewidth ∆H (half-width at half maximum). In metals ∆H is a direct measure
of the spin lattice relaxation time 1/T1 and its temperature and frequency dependence
reveals the nature of the participating relaxation mechanisms.
For our measurements we used three CeRuPO single crystals (one for each
frequency) which were grown from the same batch by a Sn-flux method [11]. CeRuPO
crystallizes in the tetragonal ZrCuSiAs-type structure (P4/nmm) containing alternating
layers of OCe4 and RuP4 tetrahedra. The platelet-like single crystals had a surface area
of about 3 mm2 and a thickness of up to 0.08 mm with the crystallographic c-axis
perpendicular to the platelet plane. Electron-microprobe, X-ray diffraction, and a large
residual resistivity ratio (ρ300K/ρ0 = 30) indicated a high sample quality of single-phase
CeRuPO [11].
3. Experimental Results and Discussion
Figure 1 shows the temperature evolution of the ESR spectra for two orientations of
the crystallographic c-axis: perpendicular (H⊥c) and parallel (H‖c) to the quasistatic
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Figure 1. Typical ESR spectra at 9.4 GHz of single crystalline CeRuPO at different
temperatures and field orientations. Dashed lines represent fits with a single metallic
Lorentzian. Arrows in a) indicate structures which occur below TC . The structure at
0.33 T originates from the background.
magnetic field µ0H at 9.4 GHz. In the paramagnetic region the ESR signal could be
observed in a small temperature range up to ≈ 23 K, where it is in good agreement with
a single metallic Lorentzian shape for both orientations (dashed lines in figure 1). In the
ferromagnetically ordered region, the signal displays strongly anisotropic properties: for
H⊥c additional structures below the main line appear (see arrows in figure 1a) which
probably can be related to ferromagnetic resonance modes. The resonance field of the
main line increases with lowering the temperature and the signal was visible down to
at least 4 K. For H‖c the ESR line rapidly broadens with decreasing temperature and
strongly shifts towards a zero resonance field. Therefore, at H‖c, the signal could be
detected down to 13 K for X-band and 9 K for Q-band. For the less sensitive L-band
setup the signal could only be observed for H⊥c between 12 and 15.5 K. Below we only
discuss the ESR parameters which were obtained by fitting the spectra with Lorentzian
lines that describe linewidth and resonance field within an error of 15%.
The bulk origin of the ESR signal is corroborated by its large signal-to-noise ratio
and especially by the angle and the temperature dependences (see following sections).
Also the ESR intensity follows the magnetic susceptibility χ, and we find a linear relation
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IESR ∝ (χ − χ
0) with χ0⊥=0.09·10
−6 m3/mol and χ0‖= 1.0·10
−6 m3/mol (not shown)
similar to what was found in YbRh2Si2 [1]. A quantitative comparison of the ESR
intensity with a CuSO4 standard confirms that all Ce
3+ ions within the penetration
depth of the microwave contribute to the signal.
In our previous publication on polycrystalline CeRuPO we reported a well-defined
ESR signal which splits into a low-field (LF) and a high-field (HF) component near TC
(note that in the polycrystalline samples TC = 15 K). Both signals showed a pronounced
temperature behaviour of their resonance fields which shift in opposite directions. We
suspected that the components belong to different orientations of the powder grains
crystal axes to the resonance field [4]. The single crystal data presented here confirms
this assumption and we could identify the LF and HF component with powder grains
oriented around a direction parallel to H‖c and H⊥c.
The strong shift of the resonance field below the ferromagnetic ordering temperature
indicates the relevance of demagnetization and magnetic anisotropy fields. These
effects strongly depend on the orientation of the external field with respect to the
magnetic- and shape-anisotropy of the sample. The magnetic easy axis coincides with
the crystallographic c-axis. Then, in the ferromagnetic phase and H‖c the resonance
condition reads:
hν = gµB (Hres −NM(H, T ) +HA(T )) , (1)
where M(H, T ) is the magnetization of the sample and HA is the anisotropy
field. In order to calculate demagnetizing effects the magnetization M(H, T ) was
measured for H‖c in a separate experiment using a commercial Quantum Design
SQUID magnetometer. The samples are thin platelets, and therefore, we assume a
demagnetizing factor of N = 1 for the magnetization normal to the platelet plane (H‖c)
and ofN = 0 for the perpendicular direction (H⊥c). It turns out that in the temperature
region we discuss here (12-14 K) NM(H, T ) is smaller than 1% of the measured
resonance field and, thus, NM(H, T ) can safely be neglected. Using equation 1 with
g‖ = 1.18 and the 34 GHz data we find for the anisotropy field µ0HA ≈ 1.4 T at 10 K
and µ0HA ≈ 0.65 T at 12 K. Therefore, the temperature dependence of the anisotropy
field easily exceeds the estimated 20% temperature variation of the g-factor anisotropy:
g‖/g⊥ = 0.46 at 20 K; g‖/g⊥ = M‖/M⊥ = 0.36 at 2 K, Ref.[11]. A more detailed analysis
of the behaviour below TC as it was done for FM thin films in Refs. [13] and [14] does not
lead to reasonable results for CeRuPO. The huge linewidth and the metallic lineshape
prevents a sufficent accuracy for the determination of the resonance field. Therefore,
most of our conclusions are only valid above TC . Although the effect of ferromagnetism
regarding its anisotropy fields vanishes at TC critical fluctuations may still influence the
temperature dependence of the linewidth ∆H [15].
3.1. Anisotropy and temperature dependence of the g-factor
Figure 2 presents the angle dependence of the effective ESR g-factor at the different
frequencies. The crystals were rotated by an angle Θ around an axis in the basal
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Figure 2. Anisotropy of the effective g-factor at different frequencies (1 GHz 14 K ,
9.4 GHz 15.5 K N, 34 GHz 15.5 K ). Θ denotes the angle between the field H and the
c-axis. Solid lines represent fits a with a uniaxial symmetry (see equation (2)). The
1 GHz data are plotted at a temperature where g(Θ) is phase-shifted by 90◦ compared
to the behaviour above 15 K.
plane. The data can nicely be fitted with an uniaxial symmetry behaviour (solid lines
in figure 2):
g(Θ) =
√
g2‖ cos
2Θ+ g2⊥ sin
2Θ. (2)
This is expected for a tetragonal crystal structure and could furthermore be confirmed by
rotating the crystal around the c-axis, keeping Θ = 90◦ constant: within experimental
accuracy all ESR parameters were found to be isotropic in this configuration.
The g-factor anisotropy reveals a remarkable temperature dependence, namely a
crossing of g‖(T ) and g⊥(T ) resulting in a 90
◦-phase-shift of g(Θ) at a temperature
which depends on the magnetic field. In figure 2 the phase shift can be seen for the
1 GHz data compared to the data at 9.4 and 34 GHz which are shown for temperatures
where the phase shift has not yet occurred.
Whether or not the observed resonance can be related to Ce3+ magnetic moments
could be checked by comparing the absolute values of g‖ and g⊥ in the paramagnetic
region (see figure 3) with the g-values expected for Ce3+ in a tetragonal CEF
environment. There, the J = 5
2
multiplet splits into three Kramers doublets with a
single mixing coefficient η [11]:
Γ6 :
∣∣∣∣±12
〉
, (3)
Γ
(1)
7 : η
∣∣∣∣±52
〉
+
√
1− η2
∣∣∣∣∓32
〉
, (4)
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Γ
(2)
7 :
√
1− η2
∣∣∣∣±52
〉
− η
∣∣∣∣∓32
〉
. (5)
According to the saturation magnetization and the 4f -related specific heat, CeRuPO
is likely to have a ground-state wave function with Γ6 symmetry and two excited CEF
levels at 70 and 320 K with a Γ7 symmetry [11].
If a Γ7 ground-state is assumed and the admixture of excited CEF-doublets
is neglected a calculation of the expected g-factors gth⊥,‖ [16] yields values that are
inconsistent with the experimental data, regardless of which mixing coefficient η is
used. In contrast, with gth⊥ = 2.57 and g
th
‖ = 0.86 the Γ6 doublet (3) provides results
which agree well with the experimental values as shown in figure 3: the measured g-
factors for H⊥c and H‖c become field and temperature independent above T = 18 K,
merging to g⊥= 2.58 and g‖= 1.18. Therefore, the observed ESR line can be associated
with the resonance of a Γ6 ground-state doublet of Ce
3+ in CeRuPO. The remaining
differences between theoretical and experimental g-factors could originate from the
commonly observed g-shift of paramagnetic ions in a metallic environment [17].
The frequency dependence of g‖ and g⊥ displayed in figure 3 corresponds to field-
dependent internal magnetic fields which are determined by an interplay between the
RKKY- and the CEF-interactions of the Ce3+ magnetic moments. As mentioned above,
the RKKY interaction leads to an FM ordering and alignment of the 4f -spins along
the c-axis [11]. Therefore, in the case H‖c, the internal and external fields sum up to
the resonance field, i.e. one needs a much smaller external field to reach the resonance
condition which corresponds to an increase of g‖.
In the case of H⊥c the g-factor continuously decreases with lowering the
temperature across TC . This decrease shows a frequency dependent slope that is largest
for the lowest frequency. This behaviour originates from an effective FM coupling of
the Ce3+ magnetic moments along the c-axis which leads to a reduction of the magnetic
field along the basal plane. Therefore a larger external magnetic field is necessary to
reach the resonance condition and a decrease of g⊥ is observed. The fact that this effect
is largest at small frequencies (fields) can be related to the magnetic field dependence
of the isothermal magnetization M(H) of CeRuPO (see inset figure 3a)): When the
magnetic field is applied along the crystallographic c-axis (H‖c), one observes a well
defined hysteresis and a saturation with a magnetic moment of µcsat = 0.43µB. With
the magnetic field applied perpendicular to the c-axis (H⊥c) no hysteresis is observed.
Instead one finds a linear increase up to the critical field µ0Hc1 = 1 T and a saturated
magnetic moment of µabsat = 1.2µB [11]. For the ESR measured at 34 GHz, and H⊥c
the external field is swept between 1 T and 1.6 T which exceeds the saturation field
Hc1. Then, almost all FM moments are aligned along the basal plane, and the moment
of the CEF ground state determines the g⊥ factor. At frequencies where Hc1 is larger
than Hres (i.e. L- and X-band) the FM moments are not fully rotated towards the basal
plane which, thus, results in a reduced g⊥ factor.
A phenomenological approach to describe the temperature dependence of the g-
factor in an anisotropic magnet has been realized by relating the g-factor to the bulk,
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Figure 3. Temperature dependence of the effective ESR g-factors for a) H‖c and b)
H⊥c at 1 , 9.4 N and 34 GHz . Dashed lines indicate an extrapolation towards the
9.4 GHz data. Data points for 34 GHz at 15.5 K H‖c  and for 1 GHz at 14 K H‖c
♦ were extrapolated by fitting equation (2) to the angle dependence of the g-factor,
see figure 2. Inset in a) shows the isothermal magnetization as function of the applied
magnetic field at 2 K for H⊥c ◦ and H‖c ◦ , taken from Reference [11].
static susceptibility [18]. This procedure has successfully been applied, for instance, for
the uniaxial ferromagnet CrBr3 and indicates that the ESR in concentrated systems
probes a collective mode of the coupled spin system, in contrast to dilute systems where
the resonance field is determined entirely by single-ion properties. For YbRh2Si2 and
YbIr2Si2 the data could be well described by the following relations being valid if the
magnetization is proportional to the applied field (“low-field limit”) [19, 20]:
g⊥(T ) = g
0
‖
√
χ⊥(T )
χ‖(T )
and (6)
g‖(T ) =
(g0⊥)
2
g0‖
χ‖(T )
χ⊥(T )
. (7)
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Figure 4. Temperature dependence of the effective ESR g-factor for H⊥c N and H‖c
△ at 9.4 GHz together with calculated g-factors using equations (6), (7) (dashed lines)
and the susceptibility data measured at 0.1 T [11].
Here, g0‖,⊥ belong to the microscopic g-tensor, and χ‖,⊥ denotes the susceptibility forH‖c
and H⊥c. The application of these relations to the ESR of CeRuPO yields reasonable
results for the 9.4 GHz measurements as can be seen by the dashed lines in figure 4. For
the descriptions of these data we used the susceptibility measured at a field of 0.1 T [11]
and g0⊥ = 2.58, g
0
‖ = 1.18 which are the values measured for T > 18 K (see figure 3).
We suspect that the deviations of the dashed lines from the data mainly originate from
the fact that a fixed field was used for the susceptibility measurements, while µ0Hres
changes from 0.3 to 1 T for H⊥c and from 0.6 to 0.2 T for H‖c.
3.2. Temperature and Frequency behaviour of the ESR linewidth
The temperature and frequency behaviour of the linewidth of CeRuPO is plotted in
figure 5. ∆H‖(T ) could only be measured with the 9.4 GHz setup because of the
lower sensitivity and larger linewidth at the other frequencies. It is worth noting the
consistency with the linewidth data of the polycrystalline samples (see Fig. 2 in Ref.
[4]): At temperatures above TC the linewidth of the polycrystals is dominated by the
H⊥c signal of the grains. Below TC the strong shift of the resonance field due the FM
transition separates the signals, and the linewidth is dominated by the H‖c component.
In the paramagnetic regime the general linewidth behaviour resembles the common
behaviour of diluted 4f -spins in a metallic environment [17]. There, a Korringa
mechanism leads to a linear increase of the linewidth, which is then often followed by an
exponential growth indicating the contribution of excited CEF levels. However, for our
case of a high concentration of Ce3+ ions in the presence of a Kondo effect the linewidth
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is determined by a more complicated mechanism. For example many important features
of the ESR results of YbRh2Si2 could successfully be explained by the relaxation of a
coupled spin mode of conduction electrons and Yb-4f spins [7].
In systems with concentrated magnetic moments the dipolar interaction can lead
to a broadening of the linewidth. However, this effect can be neglected for CeRuPO
when considering a rough estimate for the high-temperature limit of the linewidth in
presence of the exchange narrowing processes: ∆H∞ ∝
〈ν2DD〉
νex
. Here, 〈ν2DD〉 is the second
moment of the resonance-frequency distribution due to dipolar broadening [21], and νex
denotes the exchange frequency [22]. Although 〈ν2DD〉 with inclusion of nearest and next-
nearest neighbours results in linewidth values of the order of the experimental data, the
exchange-narrowing process with νex ≈
√
zS(S + 1)I/h ≥ 100 GHz yields a reduction
by at least two orders of magnitude. The exchange coupling I was calculated using the
Weiss-molecular equation 3kBΘW = IzS(S+1) (z: number of nearest and next-nearest
neighbours, ΘW : Weiss temperatures taken from [11] for both field orientations).
In the temperature region slightly above and below the magnetic ordering the
linewidth data display remarkable dependencies on frequency and field orientation.
For H⊥c at 9.4 GHz and 34 GHz no anomaly is found around the onset of magnetic
ordering. This contrasts to the data at 1 GHz (H⊥c) and at 9.4 GHz (H‖c) where
the linewidth strongly increases upon decreasing the temperature across TC. These
divergencies resemble the characteristics observed in various ferromagnets like Gd [23],
Ni [24], CrBr3 [25, 26] and CdCr2Se4 [27]. They are referred to as ”critical speeding-up”
[27] of the spin-relaxation time because of a reduction of the exchange narrowing of
magnetic dipole interactions when TC is approached from above. This effect is present
under the condition Hres ≪ Hex · (a/ξ)
5/2 which contains the exchange field Hex, the
lattice constant a and the correlation length ξ of the spin system [25].
In the case of CeRuPO this condition qualitatively may describe the presence or
absence of divergent linewidth behavior near TC. The field dependence in figure 5b
shows that Hex · (a/ξ)
5/2 is larger than the 1 GHz resonance field (≈ 60 mT) but similar
or smaller than the resonance fields for the data at 9.4 GHz (≈ 300 mT) and 34 GHz
(≈ 1100 mT). The orientational dependence in the 9.4 GHz data indicates that, when
going from H‖c to H⊥c, the critical fluctuations of the spontaneous magnetization
become strongly suppressed, i.e. Hex · (a/ξ)
5/2 gets reduced compared to Hres.
4. Conclusion
We presented a detailed study of ESR on CeRuPO single crystals at three different
frequency bands. We have shown that the ESR signal displays the local properties of
Ce3+ ions with a Γ6 CEF doublet ground-state in a metallic environment. Near TC the
ESR is influenced by the critical fluctuations of the spontaneous magnetization, and
at higher temperatures the magneto-crystalline anisotropy of CeRuPO dominates the
resonance.
The ESR of CeRuPO shares several peculiarities with the ESR of Yb-based Kondo-
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Figure 5. Temperature dependence of the ESR linewidth for a) H‖c and b) H⊥c at
1 , 9.4 N and 34 GHz .
lattice systems YbRh2Si2 and YbIr2Si2, respectively: For instance, below the Kondo
temperature all rare earth magnetic moments contribute to the resonance signal and,
despite the presence of a dense 4f lattice, anisotropy and temperature dependence of
the resonance show a typical behaviour of diluted 4f moments in a metal.
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